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Introduction
The  18 O and  2 H values of meteoric water can be used as a proxy for latitude, altitude and temperature (Craig, 1961; Dansgaard, 1964) . This is because  18 O and  2 H values of meteoric water reflect condensation temperature and rainout of the airmass (Dansgaard, 1964 (Bindeman and Serevyakov, 2011) . However, unravelling original  18 O and  2 H values of meteoric water can be hampered by post-depositional exchange with reservoir rocks , metamorphic volatilization (Valley, 1986) and exchange with metamorphic fluids (Bickle and McKenzie, 1987) . In this study, we sequentially remove the effect of each of these processes on  18 O and  2 H values measured on muscovite and carbonate separates from rocks exposed on Islay and the Garvellach Islands, western Scotland (Thomson, 1871; Spencer, 1971; Fairchild et al., 2018) . These were deposited at an approximate paleolatitude of 30-35S (Li et al., 2013) before, during and after early Cryogenian (Sturtian) glaciation and were subsequently metamorphosed at greenschist-facies conditions. In our study area, metamorphic fluid flow has been shown to have been spatially restricted due to structural channelization of the metamorphic fluids (Skelton et al., 2015) . Those  18 O and  2 H values which have been affected by metamorphic fluid flow can thus be identified and removed. The effect of metamorphic volatilization can be calculated and removed by assuming that modification occurred by Rayleigh isotope fractionation (Valley, 1986) . The  18 O and  2 H values of pore water in equilibrium with clay minerals can then be calculated using experimentally determined isotope fractionation factors and following the approach outlined by Fallick et al. (1993) . By applying this approach, we revealed an array of  18 O and  2 H values which extended from the meteoric water line (Craig, 1961) towards  18 O and  2 H values characteristic of exchange with reservoir rocks. The intercept of this array with this line gives the  18 O and  2 H values of meteoric water at the time when it equilibrated with the clay minerals. Here we argue that this was during burial diagenesis.
Study area
We measured  18 O and  2 H values of muscovite (mu) and carbonate (carb) mineral separates from metamorphosed carbonate-bearing mudstone layers from Islay and the Garvellach Islands, western Scotland (Fig. 1) . A negative carbon isotope ( 13 C)
anomaly is preserved near the top of the Garbh Eileach Formation . This formation is overlain by the 1-km-thick Port Askaig Tillite Formation which comprises sections of inferred glacial origin (Thomson 1871; Spencer, 1971; Fairchild et al., 2018; Ali et al., 2018) . Fortyseven diamictite horizons are interlayered with sandstones, mudstones and (sometimes stromatolitic) dolostones (Spencer, 1971) , from which 28 glacial advances and retreats are inferred . Most diamictites are massive and lack sedimentary layering. However, a few examples of finely layered marine or lacustrine sediments with dropstones have been reported (Spencer, 1971) . Frost-shattered clasts and polygonal sandstone wedges atop several diamictite horizons as well as gypsum pseudomorphs in dolostone between some diamictites provide evidence of subaerial exposure and arid conditions between some glacial advances (Spencer, 1971; Ali et al., 2018) , whereas cross-bedding, conglomerate beds and stromatolitic dolostones between other diamictites provide evidence of tidal or marine conditions between other glacial advances (Spencer, 1971) . The age of the formation itself is not well constrained radiometrically.
However, chemostratigraphic considerations strongly support a correlation with Sturtian glaciation (Prave et al., 2009; Ali et al., 2018) . This formation is conformably overlain by mixed carbonatesiliciclastic sediments of the 250m thick Bonahaven Dolomite Formation (Spencer and Spencer, 1972) . This formation is similar to a cap carbonate in that it preserves an extreme negative  13 C excursion and overlies a glacial succession, but it differs in that no sharp boundary is observed with the underlying diamictites, the facies are peritidal (Fairchild, 1980) , and its high content of clastic material is atypical for cap carbonates (Prave et al., 2009 ). The formation comprises stromatolitic dolostones, sandstones and variably dolomitic mudstones. The studied sequence is overlain by the Jura Quartzite Formation. This is an up-to-5-km-thick sequence of cross-bedded and pebbly quartzites which were deposited on a tidal shelf (Anderton, 1976) before the onset of late Cryogenian (Marinoan) glaciation (Prave et al., 2009 ) at 650-639 Ma (Hoffman et al., 2017) .
This sequence of sedimentary rocks was deposited in fault-bounded basins during crustal extension prior to the opening of the Iapetus Ocean (Anderton, 1985) at low latitudes (Li et al., 2013) . Sediment accumulation was rapid because of fast subsidence associated with crustal extension. We thus infer that burial diagenesis occurred shortly after deposition, i.e. before the end of the Cryogenian Period.
During the mid-Ordovician Grampian Orogeny, major fold systems were formed (Tanner et al., 2013) . One of these is a set of mostly NE-plunging en echelon anticlinal folds collectively referred to as the Islay Anticline (Fig. 1 ). Metamorphism at this time was at greenschist facies conditions with peak temperatures ranging from 400 to 500°C and maximum pressures of 1.0 ± 0.2 GPa (Skelton et al., 1995) . The subsequent flow of metamorphic fluids affected parts of the study area, specifically zones of structural weakness, such as the axial region of the Islay Anticline (Skelton et al., 2015) .
Methods
Samples of unweathered carbonate-bearing mudstones were collected from Lossit (L), Caol Ila (CI), Bunnahabhainn (BH) and along a section from Bolsa to Ruvaal (B-R) on Islay and from Eileach an Naoimh (EN), A' Chuli (AC) and Garbh Eileach (GE) which belong to the Garvellach Islands ( Fig. 1 , Table 1 ). The section from Bolsa to Ruvaal crosses the fold hinge of the Islay Anticline. Determination of stratigraphic and structural positions was based on previous work (Spencer, 1971; Skelton et al., 1995; Fairchild et al., 2018; Ali et al., 2018) . Samples were used to make thin sections and powders for petrographic and isotopic analysis. Petrographic analysis of thin sections revealed that samples contained carbonates, quartz and muscovite. A few samples also contained small amounts of biotite, pyrite or graphite. Carbonate was removed from sample aliquots intended for  2 H analysis by repeated washing with hydrochloric acid until the reaction ceased. Microscopic examination of these samples confirmed that they consisted of quartz and muscovite. In most cases, muscovite content was between 20 and 60 vol. %. Muscovite was concentrated by repeatedly shaking the sample on an inclined frosted glass plate. Quartz grains rolled freely down the plate leaving "stickier" muscovite flakes behind. The purity of the separate (>80 vol. %) was confirmed by microscopic examination.
Sample powders containing carbonates (calcite or dolomite, which were distinguished from one another by chemical analysis of sample powders using a handheld X-ray fluorescence analyser, see Rosenbaum and Sheppard (1986) which takes into account the different temperature-dependent fractionation factors of calcite and dolomite when reacted with phosphoric acid. Note that this was not accounted for by Skelton et al. (2015) which explains the slight shift between their results and those reported here (Fig. 3e ). Normalization of results was performed using IAEA-CO-1 and NBS18 standards.
Acid-washed powders were analysed for  2 H at the Scottish Universities Environmental
Research Centre (SUERC) at the University of Glasgow (Table 1) . Samples were heated to 120°C overnight under high vacuum to release labile volatiles after loading into thoroughly outgassed platinum crucibles. Samples were then gradually heated by radiofrequency induction in an evacuated quartz tube to >1200°C. The released water was then reduced to H 2 in a chromium furnace at 800°C
according to the method of Donnelly et al. (2001) , with the evolved gas measured quantitatively in a Hg manometer, then collected using a Toepler pump. The gas was subsequently analysed on a VG (Sheppard and Schwarcz, 1970) at the metamorphic temperature (T) estimated by Skelton et al. (1995) . We calculated respective fractionation factors () for calcitemuscovite and dolomite-muscovite of 1.7-1.9 and 2.0-2.5 at T = 400-500°C. Calculated  18 O values were compared with measured values of  18 O for muscovite separates from five samples, obtained as follows: O 2 was extracted from muscovite separates using a laser fluorination procedure, involving total sample reaction with excess ClF 3 using a CO 2 laser as a heat source (>1500°C) following the method of Sharp (1990 
Results
Isotopic data from metamorphosed carbonate-bearing mudstones in the study area form an elongated cluster on a  2 H- 18 O diagram with  2 H mu ranging from -89 to -47 ‰ and  18 O mu ranging from 10 to 24 ‰ (Fig. 2) . These  18 O and  2 H values represent the time-integrated result of several processes each of which can cause isotopic modification since clay formation. These are postdepositional exchange with reservoir rocks , metamorphic volatilization (Valley, 1986 ) and exchange with metamorphic fluids (Bickle and McKenzie,1987) . These processes will be considered sequentially in reverse order.
Exchange with metamorphic fluids
Metamorphic fluid flow in the study area was strongly channelled along fold hinges, particularly the Islay Anticline (Fig. 1) , which acted as structural conduits for fluids escaping from below (Skelton et al., 1995; . Fluid fluxes were sufficient to modify  13 C values (Skelton et al., 2015) and therefore also  (Fig. 1) . In one section, Members 3 and 4 of this formation straddle the fold axis and are likely to have been affected by metamorphic fluid flow (Skelton et al., 2015) . In the other section, members 3 and 4 are far (1-2 km) from the fold axis and are less likely to have been affected by metamorphic fluid flow. Member 3 preserves negative  13 C values typical of cap carbonates (-8 to -3 ‰) . These values are unaffected by metamorphic fluid flow along the fold axis (Fig. 3) . This is, however, expected because the  13 C value of metamorphic fluid (-6.1 ‰: Skelton et al., 2015) falls within this range. In contrast, member 4 preserves extremely positive  13 C values and is strongly affected by metamorphic fluid flow:  13 C 10 ‰ far from the fold axis and  13 C 5 ‰ close to the fold axis (Fig. 3) . We conclude that metamorphic fluid flow along the axis of the Islay Anticline has modified stable isotope values, but this effect is spatially restricted to within <200 m of the fold axis (Fig. 3) . Thus samples from this region were excluded from further analysis (Fig. 2) . 
Metamorphic volatilization
where F is the mole fraction of the element of interest (H or O) remaining in the rock after dehydration and  is the water-rock fractionation factor. The effect of dehydration on  18 O values is negligible and can therefore be ignored (Valley, 1986) . This is because a maximum of 5 wt. % H 2 O (which contains 89 wt. % O) can be released by metamorphic dehydration whereas rocks contain 50 wt. % O, which gives F  0.9. In contrast, because rocks contain little or no H, values of F for H can range down to zero and  2 H values can therefore be strongly affected by dehydration (Valley, 1986) .
Here, we assume that muscovite was produced by metamorphic dehydration of illite. This is motivated by the fact that illite is the predominant clay mineral at diagenetic conditions in mudstones (Huggett, 2005) . For complete replacement of illite (which contains 1.38 wt. % H) by muscovite (which contains 0.46 wt. % H), F = 0.33. The value of , which is insensitive to temperature (Sheppard and Gilg, 1986) , is 1.025 ± 0.005 for water-illite (O' Neil and Kharaka, 1976) and ranges from 1.030 at 400°C to 1.018 at 500°C for water-muscovite (Suzuoki and Epstein, 1976) . From equation (1) with F = 0.33 and  ranging from 1.018 to 1.030, ranges from -19.6 to -32.4 ‰. This is the  2 H depletion for replacement of illite by muscovite during metamorphism.
Subtraction of this depletion yields calculated  18 O and  2 H values for illite before metamorphism (Fig. 2) .
Meteoric water
The  18 O and  2 H values of pore water in equilibrium with illite at diagenetic conditions can be calculated from water-illite isotope fractionation factors. These are 10-15 ‰ for oxygen and 20-30 ‰ for hydrogen (Sheppard and Gilg, 1986) for the temperature range of illite authigenesis (80-120C Glasmann et al., 1989; Eberl, 1993 (Fig. 2) . This trend, which is typical for pore waters from sedimentary basins, probably reflects exchange between meteoric water and reservoir rocks (Clayton et al., 1966) .
Its intercept with the meteoric water line falls within the 2 ranges -34 ± 10 ‰ = -1 to -4 ‰ and  2 H = 0 to -23 ‰. This is the inferred isotopic composition of meteoric water in equilibrium with illite at 80-120C. This was probably reached at an approximate burial depth of 3-4 km (by analogy with the present day Gulf of Mexico: Eberl, 1993).
Implications
The  18 O and  2 H ranges we calculated for meteoric water are similar to present day values at the latitude range (30-35S) where the sediments in our study area were both deposited and buried (Dansgaard, 1964; Jouzel et al., 1994) . Our  18 O range differs from values attributed by previous workers to Snowball Earth and its immediate aftermath. These range from -11 ± 4 ‰ to -34 ± 10 ‰ (Fairchild et al., 2016; Kennedy et al., 2008; Peng et al., 2013; Herwartz et al., 2015) and are similar to meltwater from subpolar to polar regions (Robinson et al., 2009; Schotterer et al., 1997) . We infer that the less negative values we calculated reflect a climate similar to present day (Ice Age)
conditions at the time when burial diagenesis occurred. This was most likely after Sturtian glaciation but, we assume, before the end of the Cryogenian Period because of the rapidity of sediment accumulation at that time . We thereby infer that our  18 O and  2 H ranges define a "baseline" for the Cryogenian Period, whereas previously reported more negative values represent Snowball Earth episodes. The baseline we defined might be overrepresented in the geological record because sediment accumulation was heavily biased towards (short-lived) warmer episodes at the end of Snowball Earth episodes, which were themselves characterized by little or no sediment accumulation (Hoffman et al., 2017) .
Overall, our findings support the idea that a Snowball Earth episode is represented by a hiatus in the geological record, whereas glacial rocks were deposited in its aftermath or later on (cf. Hoffman et al., 2017 ). This idea is further supported by sedimentological evidence for multiple glacial advances and retreats in our study area (Spencer, 1971; Ali et al., 2018) and other Cryogenian deposits (e.g. Fairchild et al., 2016) .
Finally, we note that the approach used here could be used to "remove" the effects of postdepositional exchange with reservoir rocks, metamorphic volatilization and/or exchange with metamorphic fluids in other isotopic studies of Precambrian rocks.
Sensitivity analysis
The validity of our calculated  18 O and  2 H values for Cryogenian meteoric water relies on several of assumptions, each of which can be flawed. It is therefore necessary to assess how sensitive our calculated values are to each assumption.
We assumed that the effect of metamorphic fluid flow was spatially restricted. This assumption is supported by  18 O data (Skelton et al., 2015) . Metamorphic fluid flow caused a shift towards more negative  18 O and  2 H values because of exchange with organic shales upstream of the studied sequence (Skelton et al., 2015) . If this was more extensive than assumed, calculated values of  18 O and  2 H before metamorphic fluid flow would be less negative.
We assumed that muscovite in our samples was produced by metamorphism of illite, because it is the predominant clay mineral at diagenetic conditions in mudstones (Huggett, 2005) . Values of  range from 1.024 at 100°C to 1.013 at 400°C for water-kaolinite and 1.015 ± 0.005 for watermontmorillonite (Glasmann et al., 1989) . Also F = 0.29 for kaolinite and 0.11 for montmorillonite.
With these values of  and F, the calculated minimum values for are -15.3 to -36.1 ‰ for kaolinite and -21.6 to -63.4 ‰ for montmorillonite. This would extend our  18 O and  2 H ranges, but only towards less negative values.
We assumed that meteoric water and clay equilibrated at diagenetic conditions (80-120C). If this assumption were flawed and clay was formed by weathering, equilibration would have occurred at lower temperature (Lawrence and Taylor, 1972) . For the temperature range 0-25C, water-illite isotope fractionation factors would be 13 ‰ higher for oxygen (Sheppard and Gilg, 1986 ). Meteoric water compositions would then extend above MWL on Fig. 2 , predicting deuterium excesses from 10 to 110 ‰. These are unreasonably high, predicting negative relative humidities (Pfahl and Wernli, 2008) .
We assumed that illite formed at a burial depth of 3-4 km by analogy with the Gulf of Mexico (Eberl, 1993) . We infer that this burial depth was reached in our study area before the onset of late Cryogenian (Marinoan) glaciation based on lithostratigraphy (Stephenson et al., 1993; Prave et al., 2009 ). If illite formed at 80-120C (Glasman et al., 1989) , a geothermal gradient of approximately 30C/km is implied. Our conclusion still holds for geothermal gradients ranging from 20 to 60C/km.
If the geothermal gradient was even lower, a burial depth greater than the thickness of Cryogenian sediments on top of the studied sequence would be required to reach temperatures required for illite authigenesis. However, we point out that extensive spilitisation of basaltic sills affected our study area (Graham, 1976) at 595 ± 4 Ma (Halliday et al., 1989) , necessitating temperatures far higher than are required for illite authigenesis. We thus conclude that in the unlikely event that our results relate to a time after the end of the Cryogenian Period, this must have been in the early Ediacaran Period and prior to the Gaskiers glaciation at 580 Ma (Pu et al., 2016) .
In summary, failure of any of the aforementioned assumptions can either be ruled out or has only limited effect on the conclusions of our study. and Garbh Eileach (GE) on the Garvellach Islands (see Table 1 for sample locations). The en echelon segments of the Islay Anticline are shown. 
